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ABSTRACT 


This investigation was undertaken to determine the 
feasibility of operating a two-phase servomotor using pulse 
width modulated control voltages. This study has shown 
such operation of motors to be both feasible and practical 
in most control systems. The motor torque is slightly 
reduced when both motor fields are pulsed with small error 
signals, and unchanged for operation with only the control 
field pulsed. Heating effects were found to be small, and 
either increased or decreased from that of a motor with 
normal sinusoidal excitation, dependent on motor usagee 

This investigation was conducted by Lt Hays and Lt. 
Lake at the United States Naval Postgraduate School and 
Dalmo Victor Company of Belmont, California during 1959, 
This was a primary investigation to a larger project of 
developing a pulse width modulated servosystem, utilizing 


a switching transistor amplifier, 
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CHAPTER I 


INTRODUCTION 


In modern missile and aircrai’t desi-ns tre servo 
sjstems, snecifically antenna drive and aerod/nailic sur- 
face control systems, are often located in small isolated 
compartments. The conditions caused by svace and weight 
considerations do not provide for temperature control or 
heat dissapation. Under such conditions the heat proe 
duced by a conventional vacuum tube power amplifier in a 
servo system may be unacceptable. A large amount of heat 
is produced by such amplifiers because of filarent neating 
required in vacuum tubes, and the heat loss due to the 
inherent inefriciency of a vacuum tube amplifier, where 
waste vower anpears as temperature rise. 

A linear transistorized amplifier would eli:.inate 
the filament heatine and reduce the amount of sxace re- 
quired. Hven so, transistors overating in the linear 
characteristics ranre are inefficient, with a power loss 
as heate One nossible solution to the nroblem is to use 
transistors operating in the switching mode (1)*,. In 
this mode of oneration a transistor is operated either 
tise fully conducting, or a fully cut-off condition, 


passing through the intermediate linear characteristics 


* Indicates reference, numbered as listed in BIBLIOGnAPHAY 





ranre very ravidly. In this way high power can be passed 
by small transistors with very little heat generation. 

This is the situation sinee the transistor is either fully 
off with no current conducted, or is fully conducting, pre- 
sentine a very small resistance to current flow. Under 
this condition there is little power loss to generate a 
temperature rise. 

One method of utilizing 4 switching transistor vower 
amplifier in a servo system is a method envisioned by Hr. 
Herman Chanowitz of Dalmo Victor Company. This method 
entails the amplification of pulses causing rapid trans- 
ition from fully conducting to completely off states for 
the transistors. This may be accomplished by generating 
pulses to drive a twoephase servomotor, the pulse width 
being proportional to the error signal. A possible sim- 


plified block diagram is? 












switching 
transistor 
amolifier 


pulse 
width 
modulator 






out 





Prior to development of the pulse width modulator and 
switching transistor amplifier it was necessary to know 
the characteristics of the two-phase electrical servomotor 
operating on pulses. The investigation of the effect of 
pulsed excitation on the motor was undertaken as a prelime 


inary part of the development of the servo system, and is 
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the subject of this revort. The immediate objectives were 
to determine the effects of the harmonics present in the 
variable width pulses as pertained to torque-speed resyvonse 
and temperature effects. This investigation was limited to 
one servomotor considered to have characteristics repre- 
sentative of the newer, small, hich=torque servonotorse 

The investigation was divided roughly into three parts. 
First: obtainine the characteristics and torque-speed 
resoonse for balanced and unbalanced normal sitnusetae 
excitation. Second; predicting mathematically the effect 
of nulse excitation on the motor response, Tnirds; the 
actual testing of the motor using pulse signals on one 
and/or both motor fields. 

The test results in this investiscation tend to vere 
ify the mathematical predictions pertaining to the response 


@xaracveristics of the motor. 





CHAPTER II 


PHubLLi.LNArnyY INVaeaSTIGATION 


The servorotor used in this investisation was a 115 
volt, 400 cycle, two-phase servonotor, built by Anerican 
Electronics Incoriorated, Gulver City, California. This 
motor was built to meet specifications oricinated by 
Dalmo Victor Conpany.e. The specific motor tested was 
model number SMI18AJ26T, serial 010)5. 

Since this was a new motor constructed to certain 
specifications, there were no known motor characteristics 
avallable.e Also, characteristics under both balanced and 
unbalanced operating conditions were desired. For these 
reasons it was necessary to conduct various tests on the 
motor under normal sine wave overation »rrlior to comuencing 
any studies for pulse excitation of the wotor. 

The tests conducted include torque-speed mexusurements, 
temperature-speed measurements, velocity ressonse, trans- 
lent response, sieasurement of rotor moment of ine tia, and 
static current frequency response. These tests were con-= 
ducted using standard test nrocedures to obtain notor char- 
acteristics and to assist in construction of an equivalent 
errcul te 

The torque-speed curves were obtained using a dyna- 
mometer e.iploying a dec. brake to vary the torque loading 


and motor speed, For unbalanced operating conditions the 





reference vhase of the motor was connected to a fixed 115 
volt, lOO cycle s»xurce, and the control »vhase was connected 
to a variable voltare, 00 cycle source. These standard 
torque-speed curves are shown as Fig. 1. Fic. 2 shows the 
toraue=-speed curves for balanced conditions, where both 
motor fields were operated at the same 00 cycle voltage 
level, with the two field voltages being in quadraturée 
Stall torque was measured for balanced conditions of 
excitation at OO and 1200 cycles, The values of stall 
torque at various control voltages for both 400 and 1200 
cycles are shown in Fic. 3. This figure indicates that the 
torque due to a 1200 cycle voltare is quite small in come 
parison to the torque produced by a l00 cycle voltare of 
equal magnitude. = 
During the torque-speed tests, temperatures were Yre@= 
corded for the motor case, windings, and shaft bearing face, 
The case and bearing face temperatures were measured by 
means of a therr.ocounle. The winding temperature was ob- 
tained by measurine the winding resistance using a resis- 


tance bridge, and using the relationship: 
R - R 
Be By ~ —ea 8 (8) 
Reo Oo 
where: B = unknown temperature in degrees centigrade 
R. = resistance at B 


Bo = 25 C, reference temperature 


R, * resistance at B, , 2l1e/9 ohms 
Bo O 





™ = tenderature coet’ricient of fFesistantce 
0.00335 ohms per derree centicrade 


Fig. shows the variation of these te:neratures with 
torque loadine, and the relationshio between these temper- 
atures for at ynical run. The bearine face temperature was 
lower than the case tenperature because of heat dissapation 
away Prom this face into the motozx molintine vlate. 

Fie. 5 shows the static windine curvent values jor 
e.ch winding of the iiotor, #ach winding exhibited the 
Si.ie static current characteristics, measured by anplying 
a voltage to the winding, and measuring cur-ent with the 
rotor Pano TeG: Taese meéacurehents, taven at several volt- 
ace levels over a ranrve of frequencies, show the variation 
of winding current with frequency. 

The frequency response was obtained irih the observed 
velocity resnonse, plus values from a computed transfer 
function. The velocity response was obtained usine a lOO 
cycle tachometer coupled to the motor shaft. An input 
sipnal to the c ntrol »xhase was modulated at various freq- 
uencies by a dyna ic servo analyzer. Measurements were 
made using an oscilloscope, comnaring nhase by the angular 
displacement oi the null, and aholitude by relative amn- 
litude of sicnals as shown in Fig. 7. Tests were limited 
to voltases below the 60 volt level to prevent velocity 
Saturation oi the test tlotor. The velocity, response for 
a control volta~e of 4O 21'S volts is shown in Fig. 8. 


From these curves an a proximate ti.:e constant of T 





0.0323 seconds for the ,otor was obtained as the reciprocal 
of the -l|5 degree phase anztle frequency, This closely 
agrees with the corner frequency of the iagnitude curve, 

The value of cain (K) used in »lotting the fre-uency 
resosonse was the value Irom the calculated transfer function 


for the arproximated linear second-order motors 


qi = K 
KG ( iw) Ge (2) 


The transfer function was determined using véelues from the 
4O volt curve of Fig. 1 and the eruatinn: 
Q 
Bo OT] si 


_ =. 72 rn (2) 


: y J 
jw et +1) 


stall torque « 2el (in, 02 
driving voltage O (vilts 


0.0525 in_oz 
VOLG 


where: Q 


Q 
ar | 


| 


= glope of torque-speed curve 


- we = =f in 02 
10,000 eo AY rom 


Q 
= 


J © polar moment of inertia 


= 6.0 gm cm* (specifications) 


The term sta f the gain and equal to; 
dL/ow 


K = “ = im a 219 
oT/3sw 22395 x 10° Volt 
For deter:iinotion of the tire constant the exoressions 


J and dT/ow iust be in dimensionly consistant units: 





_ eee eee 1 sec‘ i o%4 tan 
ee noes Ga 20. soees eee 


e 8.5 x 19° in’c sec’ 


Daye e395 210 2502 Set rev , -e0gsec 
Sa neganqsl ev 1 in 


= 2.9 x 10° in oz sec 


The term “ is the time constant of the motor and is 
OW 


eaual to: 


= 
T 8.45 x 107 = 0.0369 seconds 


ee eee oe 10) 


This sives the transfer function; 


ca 219 
V jw 0.03509 jw + LT) 


Using this value of K and the two values for the tine con- 
stant (experimental and computed) the Bode Diagrans were 
drawn as Fig. 9. The co:wuted time constant of 36.9 milli- 
seconds arrees with the tine constant of 32.8 milliseconds 
found by the velocity response test for a hO volt signal on 
fie Control field, 

The transient response was observed by applying a step 
voltase to the motor and observing the outynut of the tach- 
ometer on an oscilloscope (TEKTRONIX 515). By measuring 
the tine reguired for the transient to achieve 63 per cent 
ee its tinal value, a motor time cnnstant was obtained. 

For the 115 RIS volt control voltage a time constant of 
ch.Q milliseconds was measured. The transient response 
varied noticeably for several other values or control volt- 


are, giving a ranee of time constants from 2.0 milliseconds 





to 2.0 nilfiseconds at lsw Voltave. This indicates a 
non-linear servomotor (3). The tie constcnt for a cone 
trol field voltae or lO .i.S volts was 37.5 milliseconds. 
This value checxs closely with the time constants ob- 
tained by other methods. 

The rotor monent of inertia, J, was checked by the 
Torsion Wire Pendulun Method (lL) using two suspension 
wires. For tnis measurement the notor rotor was removed 


and suspended as showns 





J was deternined by twistine the rotor about its axis, 
releasing it, and recording the period of oscillation. 
J is ootained by the relations 


7 WDAaT* 
16127 


where W 2 weight of rotor, 0.0716 lbs. 
D = distance between susvension roints 
« 2.09 inches 


diameter of rotor, 0.418 inches 


Os 
t 


length of each thread, 7-63 inches 


T = period of oscillation, 0.28 seconds 





The value obtained, J = 7.c2lt gm cm’, was in fair agree- 
ment with the value of 6 gm cm* given by the motor spec- 
ifications. The latter value was used for all calcula- 
tions due to accuracy limitations of the experimental 
process used in measuring Je 

An equivalent circuit of the motor was determined 
using values of Table I recorded during the torque=-speed 
measurements. The equivalent circ..it for each winding 


was deter.iined as shown in Appendix A. 





All parameters of the equivalent circuit were found 
to be nearly fixed in value except rp, the reflected 
rotor resistance to the stator winding, which changed 
with variation in rotor speed and applied voltage as shown 
Wolea da eae oe 

The transfer function and the eruivalent circuit of 
the motor were determined to make possible a mathematical 
prediction of the effect of pulse excitation. They will 


be used further in this investigation. 
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CHAPTER ITI 


PREDICTION OF wrr'ECTS OF P'JLS& INPUT 


3e1 Fourier Series for Pulse Train, 


There are infinite »vossible Fourier series for any 


periodic wavefoim, devendins on the zero reicrence selected, 


the units used, and other variables. In the sveciffiic case 


studied, that of flat tooped, iull weve, constant ampli- 


tude pulses, 


it was desired to derive an equation which 


would yield the amplitude of each harzionic co nponent as a 


function of vulse width, It was found convenient to estab- 


lish the zero reference and the basic paraieters as snowns 





The creneral mathematical expression for the fourier series 


is: 


f(t) = 


where; 


Qo/o + 2% Cos wt + a,cos ewt + a, cos 3Wt + eee 


eeet Db, Sin wt + b, sin cwt + b, Sin 3Wt + cece 


On, 3,5 ©, pede Caemeeo. Are numerical 
coefficients 


w is the fundamental harnonic frequency in 
radians per second 


The frequency, w, is related to the period Tf by 


W 


=e © 


JEAr 





where T is tee Fenetitinn oertod in seconds. 

This eeneral form can be simolified by noting thyt 
the wave fori beine studied is an odd “unction (5); there- 
fore ont; sine terus will exist in the series, Thus the 
problen is reduced to findin~ b,, b,, b,, ete, The for- 
mula for findine the necessary coefficients (b,) is: 

bees ey ap f £(t) [sin nwt} dt 
In order to find this intecral over the entire period, Tf, 


it is necessary to define the limits as follows: 


eG to (fF - =) f(t) 2 0 
(#-F)to (p+ Fs) f(t) =A 
(248 to OE-8) f(t) = 0 
(25 - $) to (22 45) f(t) = <A 
(SE + $) to 2 f(t) = 0 


The function f(t) = 0 durins three intervals as noted, 
requirine that the interral be solved for the renaining 


two intervals. 


a 
; rey : eee 
b, ® a A(sin nwt)dt + i -A(sin nwt) dt 
Ag = 
2a [( x72 er 
= Foor | (=cos awh + (cos nwt) a 
7. ia in § An Tae. 
dra 2 ee: 
igea eens ape semper 
2 oe | (-cos nwt) + (cos nwt)” ° 
Eo 3Tla J 
4 2 a 2. 


LZ 





To si@plify, the follov imp relutionshins Were noted? 


L+H 
oe i 
-cos rg = cos awt 


4 


¢ for odd values 
One 


Mo pu 


¢ = Q for even 
values oi n 


Therefore n will assuie only odd values. 


$+2 
eee e| 
db Fan | 2ccos awtls 


~2A etm ,T 8 ell po a 
= [cos a (7 + 3) - cos =>" (7 - 3) 


mm 
272A i ,a 1 _ 2 
= [cos mm 5 + ) = cos Tm (3 =)| 


A new tera: wis then defined as § = 2a/f (fraction of a 


Sjuare wave with linits.0 ¢S£1). MTherefo-e: 


-2A iL a 
b, # in CoS Tih (5 + 2) - cos na (5 - 3) 


for all odd values of n (1, -1, 3, -3,5 5,5 °°°) 


It was noted that a substitution can be made: 
TT 1 + L . lms < 


The expression for b, was then reduced tos 
Son fee ee oe 
bn® [2 sin TES (-2)* | 
Ose JA ms 
2. 
(-1)° Seca = 


Leaving the final expression for the Fourier series as 


m= oa ae 
f(t) => (-1)% 44 (sin DBS ) (sin nut) 
nst3S- Lape! 2 
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Usine the above expression for f(t) a pl:t of the 
aiplitudes of each harmonic component as a function of 
the pulse width (8S), which has been defined as fraction 


of a full square wave, wes constructed. This information 


fH» 


S presented as Fic, 10. Note that only odd harnonics 
are present, with veak amplitudes decreasing as the order 
of the harmonic (n) increases, For a full square Wave 
(S= 1) the expression is reduced to 


a ne3 
T(G) 2 a (-1)* adh sin nwt 
=a 


Maden is a fanlliar equation. 

To fecilitate exoeriventalepreccdures the harmiowee 
peak ajrplitude ratio to the oulse axgolitude, as snown in 
Fig. 10, was converted to RiiS voltace values és shown in 
Fice ll. The voltarce values were based on a constant 
pulse amolitude of 123 volts. This amplitude is that 
required to cive the fundamental of the square wave pulse 
a 115 RMS voltare level, Fir. le was drawn to illustrate 
the chanve in fundarcntal avplitude caused by a linear 
Variation of pulse width. 

The effect of the odd harmonics on the two-phase 
motor was of prime concern in this investication, Firs. 
10 and 11 show the third harnonic voltaze in the pulse to 
be apvreciable for all values of S except between 0.6 and 
O.7e The problen wos to deteriuine whether this third har- 
monic voltage would tend to increase or decrease the oute 


put torque, and to determine the magnitude of the changes 


Ly 





For pulse width modulation on the control field only, 
with rated sine wave excitation on the reference field, 
there is no third harmonic present in the relervence wind- 
ing. Under these conditions the third har.1onic on the 
control field produces no torque (6). This conclusion 
was checked experinentally by excitins the test motor refi- 
erence field with a lOO cycle sine wave, snd the control 
field with a 1200 cycle sine wave supplied by a function 
generator drivine throurch a 2090 watt, high-fidelity amp- 
lifier, The reference vhase voltace was shifted slowly 
in phase through 360 decrees by neans of a phase shifting 
network, At no time was any noticeable torque produced, 
nor did the motor turn witn no loade 

The situation is more complex wnen both Tields are 
pulse width .iodulated, since both the fundaiental und all 
harmonics are present in both fields. Also two ditferent 
conditions must be considered, that for pulse width greater 
than 0.67 and that for nulse width less that 0.67. This 
is indicated by Fic. 11, where the third harmonic curve 
crosses the zero axis. The phase relationshics between 


motor fields are as snown in the followine diacrams? 
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Reference 
field oe 
Sua ; 





Control : 
Liela mo a Ce ea —t— ee a. 


S Lor : Ped ei a7 Pr, eer, 7 


Reference a a = 
field ee. wy 


= > User 





Control : 
field : Pie as ae ee 
S >0.67 Sea A : 


nee = LIN Gamental 


ee eee - Third harmonic 
Note that in both cases the reference field funda.ental 
voltace leads the control field fundaiental voltacre by 
90 degrees. Also note that in both cases the third har- 
monic comoonents are in quadrature, but that the reference 
field voltare now lags the control field voltage. Thus 
the torque produced by the third harsonie opooses the 
funda.ental torove for all pulse widths. A similar anal- 


ysis shows that the fifth harmonic (2000 cycle) produces 
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a torjue wnoich aids the fiundausental. 
The above conclusions c.n also be deduced frou the 
Pourie~ series for the two iotor fields: 


reference : Vyp= b, sin wt + b, sin 3wt + 
field b, sin 5wt # *eeee 


control : Vos b, sin(wt-90) + bd, sin 3(wt-90) 
field + b, sin 5(wt-90) + eee: 


Note: sin 3(wt-90) = sin(3wt-270) = sin(3wt+¢90) 


The statenent can now be made that torque produced 
by hicher harmonics will alternately opsose and aid 


fundanental torque. 


ae ual Torraue for Various Pulse Widths. 


The exvected resrvonse of the test Jiotor when excited 
by pulses on both fields was desired. In order to do this 
it was necessary to calculate the motor res onse to both 
hoo cycle and 1209 cycle balanced sine wave excitation. 
This was first done for stall conditions only (Fires. 3 and 
13) and was later extended to produce a conplete facivily of 
toraue-speed curves (Fic. lh). 

Stall toraue characteristics for belanced sine wave 
operation weve calculated usinz the equivalent circuit 
found as shown in Appendix A, The stall torque was come- 
puted-for various voltaze levels for both hoo cycle and 
1200 cycle excitation by solving this circuit. Since the 
input current is an unxnown for 1200 cycles, si .ultaneous 


equations weve reyuired to solve tne circuit. A sample 


ay 





calculmstioa Por 80 volts, 409 cycles to efch gnomes foltons: 


NOW Lie pial nditions: (TDaole I) 


V;,, (per phase) 00 vohtis wRS, HOO -v 


ie (per phase) = 0.20 afincres 


P,, (per phase) = ly watts 


ter ctor =< Pee, = 1 F 
ek, in/ Vee 4/ (30) (0.28) 
wn 0.025 


power factor anzle = cos (0.025) = 51.3 


Utilizine the motor equivalent circuit as foind in Appen- 


ok 


e7sg j 80.4 Ty 


i. n\n ER ACONEN INN ari ee 
ae sas) 
= o 


Vin 


| |. ae 


Pa 


polvine the citeuit for I, in this exaliWle: 
’ : ce) 

ve, = eA ~ eo z 0Ue3 kok’) volts 

2 


in Vin/ Zin = 0.194 [-36 Aipe—-es 
In = Iain > Ty = 0.20 [-6- &.perces 


ai! 


°o s 
(since the peése Snale of -6 Is sifal_, 1. was® 
Lected diriany~ tie remainder of tne cWltul tion) 


Lin . Via/L,. 
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stall toz:ave way now Se deteriined by Tre ejaetisn: 
: meee 
stall toraue (in oz) = a Poe (7) 
8 


g ® Synchronois spveed = 12,000 rpin 


eae total power to roctor zs 2IDr, # 23.0 watts 
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Ae: , | _ * 
U st Lee (23.9) = 2,68 in oz 
This vill& Co pfres Very lsvorably witn the weesusca stull 


torjve of 2,62 in oz. 
The solution of the eyulvelent ci:cuit tor lav’ ejcle 


excitetion involved usine sisultaneous eju.tioms, as tne 


input current was not ‘mown, Usin= tre sue voltv-1e inout 


% 


as for the above sample cxriculasion vhne shall torque for 


“4 


1290 cycles was detemuinedc as foltiowss 


The eguivalcit circuits 





civing the loop equat.ons: 


IT (27 * jliui.2) - I;(3j900) 


ce 

© 
IS 

3 


~I, (3900) + I, (236 + j900) 


© 
Hi 


Piveoewchne results ais ae Gels5 


2 
Py, = 21prp = 2(0.105) (286) = 19,0 watts 
Ne = 36,000 rpm 
= Tne L me wa ‘f i 
T stieoo aaa (los ojete Oe 37 anloz 


The above vrocedu's was reoes.ted for several voltace levels, 
With the computed vaives plotted in Pic. 3. This Visure 


shows th t comouted values are in acresient with tie neas- 


ured values, 


pene 


A sitilar solution may be conducted for the rifth 


Lo 





harc:onic to sh w the effect of 2000 cycle signals, The 
equivalent circait ior tnis frequency under stall condi- 
tions ist 


272 Jae 


a = is 
BOV if = 


2000~ SB jlS0o 
civine the loop equations: 
80/o = I, (27 + §1902) - 1, (51500) 
@) = «I, (j1500) + I,(286 + j1500) 
aes 


° - 9) 
ceiving a result for 2 0,1h6 








aT? r, = 2(0-148) (266) « 12.5 watts 


Prt 


N. x 00,000 ron 


1352 2 
iM = 1. Oecol in oz 
St 2000 60,900 ( oe 


This shows. the tor:ue of tne 20720 cycle cosmonent to be 
About one tnird of th®t ror 1200 é#cles, both figured for 
an input voltace of 80 volts. Fir, 11 stows that maximum 
voltave for neither the third nor the fifth harnonic reaches 
80 volts. The third harmonic reaches a peak value of 33 


volts waich would rive a vaximum stall torque; 


Tst, ™ — : pa (0.737) 2 0.35 in 02 


mae St 200 


Mhe fifth harionic attains a pe@i® valhe of 22.5 volts 


Wnich Wovuldwive a waxinum stall tor7ue: 


Cat 5 £205 (0,251) = Seog? 102 


20 





This valve of torsue is “nite sinall co™Mpnarem to un 
fuidwucntal cnd tuird harionic toryjues. For this reasen 
the torive due to the ~ifth and hicher harmonics Wabi ee 
considered neclivzible. Tnis effect was nov ileasured CKe 
periientally, but Figs. 14 and 22 indicate that paeionwes 
above the tniird have necligible effect on the torque. 

Tie findine of stall tor-ve for vuvious pulse widths, 
with both otor fields »ulse widtn .odilated, required an 
extension of the above »~rocecéure, The stall toroues for 
several oulse widths were fo.nd be virst entering Pige il 
to obtain the RIi§ volte -e associated with the 100 cycle 
and 1200 cycle coimonents., Usinr these voltaces the cor- 
responding stall toryues vere obtained from Vie. 36 Dawe 
the 1200 cycle torcue opro0ses the 00 cycle torque the re-~ 
sultant stall torque is the cifference between tne two 
component Magnitudes. 


Exanole for vulse width (8) = 0.4 


V 2 66 volts US (age, 1) 
4OO~ 

Viecow = 73002 Volts RS (Pio, 11) 

Dot. oe 1.97 in og (eae, 3) 
Stiroe -0.,12 in 02 (Pie. 3) 


These results were plotted as Fic. 13, showins these cone- 


puted values in comparison with seasured valuoSse 


el 





303 Co:mutation of Tor .ue-Speed resvonse. 


A ratner si:.le and straichtforward procedure was 
used to covpute the exrected motor resvonse to oulse width 
modulation of both .otor fields. The current vatio of the 
third harmonic to the funda.ental, deter dined from Fig. 5, 
and the voltace ratio of the third harnonic to the funde- 
fiental, obtained fro! Fic. 10 or 11, were used to deteruaine 
this response, The product of these two rati-s gives the 
current ratio between the 1200 cycle and 400 cycle compone 
ents of the vulse to be expected for «ny specific Se 
Usin~ the current ratio fo nd for a varticul:r S, and the 
relation that torjue is proportional to the current-wind- 
ine turns product for eacn winding; 

= NI 
the torque due to the ttird har.ionic can be estluated. 
This was accomlished by mrultinlyinz the measured tor rue 
for the 00 cycle sine wave excitation frou fig. 2 by the 
Gurrent ratio s7uUared. 


A sample calculation for S-e 0. : 


Vico = 67.5 volts RHS (rie. 11) 
Vico = 3605 volts RMS (Pig. 11) 


By interpolatine for a wincins voltage of 36.5 volts on 


Fic. 5 the current ratio is obtained: 
Loe QO 0 6 ~ 
a7 & Oz 5 = oe 62 


at YOO 
36.5 


ee 





the voltgaec ratios 
Voce 3645 
aaa ped FF am e 
en eras eRe) al 


givine the overall current ratio: 


(0.62)(0.5),1) a» wise = 0.336 


4Oo 


Vuoo 


Since T-I for each windine the oveiall toryue is propore 


tional to the square of tne windine current. 


2 


T 2 I 
Le. i 2 2 
‘aay = (aoe = (0532 ee]. 0,112 


Tois tor-ue ratio sienifies the effect of the third hare» 
monic in cojmpirison to the fundamental for a varticular 
pulse width, 

The actual vtilues for torque due to the third harmonic 
were obtained by usine this ratio and the value of torque 
obtained from sine w:ive excitation as interpolated fron 
Fige 2 and given directly in Fig. 22. For each speed con- 
sidered, the torque for a specific voltage, corresponding 
to the fundamental of a particular pulse width, was picked 
off, This value was then multiplied by the torque ratio 
deteriined for the § concerned, to give the torque due to 
tne third narnonic, The outout torque is then given as 
the difierence bet. een the fundanental torque and the third 
Mee onle torque, 

The values of torsue obtained for various speeds at 
S 2 0.4. are tabulated below along with the measured 


torques under these conditions for comparisons 
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ie - 
l2 | Ta. - T 
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1.96 
UNeg. 
Levy 
0.96 
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The computcd tos e=speed resosonse Ls 
lu, with corresvondin~ totq.e-speed curtcs 


Sine wave excitation, Tie coffparison of +t 


Shows te preatest efiect of the tti¥rd her 


narrow pulse widtus. This procedure for d 


expected resnonse to a pilse Modulated 1:0 
be elfective, as wis 1 .tes* deteriihed by c 


CHS Peesured response, 


ee Ree emery eee 


sulse 


2-.| Gxperivental 


ae SS Te 





2030 
2.00 
L./0 
1.35 
0.93 
0 elL0 


S.i0wn 32s Dlg 
Sov balanced 
nese two curyvds 
onic to be at 
evelopine the 
or aspears to 
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CHAPT Un IV 


EXPEaL. BWTAL ib} IP. ENT AND PLOCEDURE 


Mel Oneratiza of Pu'se Fommer. 





Nation 


Coan 
(25 


Prior to testine the e:fects of yul-e wiats G 
on tle test cotor, it was necessa y to develon exocrimental 
ejuipment to vroduce the necessary fixed and control riela 
voltaczes to drive the motor, The vequlic ents set for te 
equipiient weve that it supoly two outputs: 

(1) Bach to be identical except for a 70 vegree phase 
dif. ererce, 

(2) Each outout to be a constant a... ituce, balanced, 
full wave pulse train, with culse w dtl: continuously vare 
fable fron a svikc to a s7u1e wave, nuvine a oulse repe- 
tition rate or OO cycles per sec nde 

(3) One, or bot, owtouts to have ‘ts funda .ental 
(icO cycle) co ponent in quadrature with a 00 cycle, 15 
Volt soi.rce, 

Tice above conditions were Met with the vq isnt s.lown 


physically in Fir, 15 und scheuatically in fig. lo. 


= 


Tie henet or Bee pulse fo.uamig* novwot: de «= Shir oF 


reeves Type R-151 vesolvers, The toto snurts o. these 


tuo resolve s cre sca tel vover-er so titic tiey .ay de Tro- 


° 


he -u Tee mens sea. 


7 


tated throu e-ual ancles, Sut in oDn»vOS- 
a central shaft. It is cheracteristic of a resolver we. F 


+ 


4? its to stator ohtises arc excited with e ual amlitude 
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volta-ces Wh awadrvilive wir sEen otis (Z, and E, £90 )s and 
its rotor is rotuted throuch an ancle (9), tne outputs ipon 
the rotor will be o: erual anprituve and - till in quacra- 
ture, but displaced by the ancle of rot:i’on of the ro‘or 
(9). Thus the outputs of the two cesolvers in Fig. 16 are 
gE /9_, &, /90 + 8, E /-@, and E, /90 - 06 

These four outouts row the resolve s ave next scent 
throuch separate auplifying and clipping circuits to be 
formed into square weves. By suming these “o'r sqjuare 
waves in alternate vairs two variable width t~ains of 
pulses result, in quadrature with each other. Tne output 
amplitude is approxinately 100 volts, »veak to yeake, Fice 
17 is a series o. scope photogranhs of the output of one 
pulse forming network, compared to a 400 cycle voltagec 
The other pulse train is identical except for beinc in 
ohase with the OO cycle sinusoid shown, and tus ia 
yuadrature with the pulse train snown. 

The sequence of events in the fornation of the .ulse 


trains are shown craphically as follows: 
c 


Voltarce Inputs to neso!l.veis 
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Resolver Output Voltare (@ = 45 ) 


go ze ee 
g /-9 > 
z 90.49 a 
BE £20-6 4 


After Clipping 


oe ee 


B /-9 


ee ee 
z (90-0 a 


After Summine Pairs 


E /s + 
E /-6 


BE £9098 + 


E {90-9 


a 





The exitole shown “rapnically is for @ = 5 cesrees, 
producing a pulse width of § = 0.5. A syucre waive results 
if @ = O decrees, and complete cancellation occurs when 
9 = 90 decrees, If 9 were increased past 90 desrees, the 
pulse width would acain increase, reaching a full squa:e 
wave when @ = 130 decrees, but the series would be shifted 
180 derrees in phase fron that produced when © was less 
than 90 derrees, Another 180 degree shift occurs when @ = 
270 desrecs, This effect is useiul if it is desired to 
vary pulse width ‘n a periodic manner, as for a frequency 
resoonse, because a conplete cycle is acconplished each 


time the resolvers are turned through 360 degreese 


bee Tests Conducted Using the Pulse Former. 


Using the vulse forming network to prov‘de driving 
sicnals to one oy both motor fields, tests were run which 
paralleled those conducted with standard sinusoidal 4,00 
cycle excitation. Specifically, the following tests were 
conducted: 

a. Torive-Speed, unbalanced; For this test one-halt 
of the pulse fomier was used to drive the ,iotor control 
field, wnile a fixed 115 volt, lOO cycle voltae, in quad- 
rature with the »ulse train on the control field (see Fic. 
17). Was connected to the, iotor :e e ence field. The ex- 
perimental setup is shown schenatically in Fis. 18. In 
order to provide sufficient power to drive the i:otor con- 


trol shasc the pulse former autput was connected into a 
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MeIntosh 200 watt power aiplifie . In this wky a good 
approXimation of rectangular pulses was obtained at the 
motor terminals, Fig. 19, a and c, are scope photogsrachs 
of the voltazte wave:orm across the moto control field ter- 
minals. Note that the pulse aiaplitudes are 128 volts, 
from midpoint t» peak, which is the anvlitude required to 
provide a fundamental conponent of 115 volts RiS for a 
Souave wave. Parts b and d of Fie, 19 are scope pnoto- 
graphs of the voltave across a one ohm pure resistance (a 
leneth of straieht nichrome wire) in series with the con- 
trol field. It was necessary to vlace a decade capacitor 
across the McIntosh amplifier outout in order to balance 
the load to the amplifier. A capacitance of 0.5 micro- 
farads was the averare value used, Pulse width and »nulse 
amplitude measure:ients were made on a Tektronix Type 515 
oscilloscope. The sane scope was used ror all experinental 
measurenents to provide a constant measuvenent standard, 
The torque-speed curves obtained by the above procedure 
are plotted on Fig. 20 (dashed curves). The sine wave, 
anplitude inodulated curves (solid curves) shown for come 
parison on Fie, 20 were obtained usine the sane Tektronix 
oscilloscope for voltage measurements. The uppermost 
dashed curve (S= 0.7) is not considered to be a true in- 
dication of performance because it was not »rossible to 
obtain a oulse amplitude of 128 volts near stall at this 
pulse width without conside: able distortion, due to aupli- 


fier Llinitations, 


co 





b. Torque-Speed, balanced: Details of this test are 


the same as for the unbalanced torque-speed tests, except 
that both outputs of the pulse former were used, driving 
both motor fields through MeIntosh amplifiers. Fig. 18-b 
is a schematic of the expe: imental setup, while Fig. 21 

is a photograph of the sane SetUpe Once asain the Teke 
tronix oscilloscope was used for ‘all voltage and pulse 
width measurements, a switch being »rovided to permit al- 
ternate viewing of the two pulse trains. A series of runs 
were also made for balanced OO cycle sine wave excitation, 
using the oscilloscope for voltage measure.ients, to pro- 
vide directly comparable curves, These two sets of curves 


are plotted as Fie. 22. 


Ce Frequency Response: The motor response to a var- 


lable frequency, pulse width modulated signal, was studied 
by means of the experimental setup shown schematically in 
Fig. 23, and physically in Fig. 2h. A twoephase motor was 
used to drive the resolvers of the pulse forming network 
at variable speed, thereby producing pulses with widths 
varying linearly with time, Each revolution of the drive 
motor caused pulse width to vary through a complete cycle, 
that is from a null to a square wave, back to a null, then 
through the same variation but shifted 180 degrees in phase, 
Fig. 12 illustrates this variation of pulse width, and also 
the variation of fundamental (00 cycle) amplitude, with 


time. It is to be noted that although pulse width varies 
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linearly with time, the amnlitude of the fundamental varies 
sinusoidally with time. Referring acain to Fig. 23, it is 
seen that a lOO cycle tachometer was used as a transducer, 
and an oscilloscope as the measuring device, The scope 
was synchronized with the pulse input to the motor control 
phase, and a switch permitted alternate viewing of motor 
input and tachometer output waveforms. In this way it was 
possible to obtain comparitive amplitude and phase shift 
information from the oscilloscope, Frequency was also 
measured on the oscilloscope, and checked with a stop 
watch and counter, The velocity response information ob- 
tained by the above method is displayed on Fig. 25 for two 
different pulse amplitude levels. The frequency response 
obtained from the 0 volt velocity response is plotted on 
Fig. 26, along with the previously determined frequencs 
response for 00 cycle sinusoidal excitation for compar- 


ison purposes. 


de Stall Temperature Measurements: In order to pro- 


vide eormarative temperature figures for standard and 
pulsed excitation, a series of stall temperature runs were 
conducted, For these tests the motor was preheated to a 
temperature of 70 degrees Centigrade, the voltage ievels 
set at the desired values, and the motor stalled for ten 
minutes, Temporature readings were taken at one minute 
intervals to note the trend of heating, and a final temp- 


erature reading taken at the end of the ten minute stalled 


Sul 





f 

period, A thermocouple set in a hole drilled in the motor 
case was used in conjunction with a thermocouple bridge to 
measure temperature. The case temperatures recorded after 
ten minutes at stall are plotted on Fig. 27. Each curve is 
for a different type of excitation, and separate points on 
the curves are for different amplitudes of excitation, 

From these curves it is apparent that a slightly greater 
heating effect is associated with pulsed excitation than 


with sine wave excitation, 
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CHAPTER V 
RESULTS OF INVESTIGATION 


bel Results and Discussion; 


From the information presented thus far in this in- 
vestiration, the feasibility of driving a two-phase servo- 
motor with pulses can be deternined, All information col- 
lected is for one specific motor, but in general would be 
valid for any small two-phase servoimotor. 

This study has shown that for unbalanced conditions, 
with only the control field pulse width modulated, the 
third harmonic (and higher harmonics) has no effect on the 
motor's torque-speed response (Fie. 20) or frequency re- 
sponse (Fic. 26). This result is readily apparent, as 
there is no 1200 cycle component in the reference field to 
develope a rotating field. 

Operating the motor under balanced pulsed conditions 
introduces the effect of harmonics (Pics. lh and 22). Only 
the third harmonic has a noticeable effect, this being 
greatest at narrow pulse widths and becoming insignificant 
at pulse widths larger than § = 0.5. At a pulse width of 
S&= 0.2 the computed torque output is down 33 per cent 
from torque of normal sine wave motor operation, as shown 
in Fig. lh. The experimental results for these same con~ 
ditions show the torque under pulsing to be down only 25 


per cent (Fig. 22), so the computed effect is pessimistic, 
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In some control motor applications this loss of torque 
would be unacceptable, where maximun torque is needed for 
small errors. For a majority of applications this loss of 
torque would be of little significance compared to the 
gains possible by using this system. 

The temperature runs, as shown by Fig. 27, indicate 
that the pulsed motor had a slightly hisher temperature, 
after being ares for ten minutes, than did the motor 
under normal excitation. For narrow pulse widths the tem- 
perature difference reached a maximum of seven degrees 
Gentigrade for balanced conditions, and four degrees Cene 
tiprade for unbalanced conditions, Fig. 27 also shows the 
temmoerature to be lower for motor operation under balanced 
conditions than under unbalanced conditions, This condi- 
tion is a result of the continuous large I°R loss in the 
reference field of the unbalanced operated motor, Thus 
for maximum savings in heat generation the motor could be 
operated under balanced conditions, For many apolications 
this would not be practical, when maximum torque at small 
errors is a necessity. For a control system which spends 
a larce protion of the tiie at rest, or a positioning sys- 
tem where the error signal is zero a major part of the time, 
the heat saved by eliminating the constant current flow in 
the reference field of the motor might be worthwhile. 

It must be remembered that these temperature measure- 


ments were taken after the motor had been stalled for ten 
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minutes, a condition which is far more severe than would 
be encountered in practice. For averare motor operation 
it is considered that the temperatures produced by pulsing 
would be necliribly different from those produced by nor- 
mal excitation, 

It is considered that the operation of a two-phase 
servomotor under pulsed excitation is feasible and prace 
tical for most apnlications,. The development of a power 
amplifier using switching transistors should be continued, 
in order to build up a system which operates more effie 
clently and with less heat dissapation than present anmp- 
litude modulated systens using linear power amplifiers. 
This development was discussed in more detail in Chapter I, 

Another possibility tor the use of pulse width modu- 
lation of a servomotor is in conjunction with information 
telemetering, The use of the pulse width modulated error 
signal of the servo systen as a measurement of a desired 
quantity to trigger the transmitter of a pulse width mode 
ulated telemetering system would save on equipment and 
weient, This consideration features sone favorable pos- 
sibilities which is sugrested for further investircation,. 

The interration of the pulse width modulated twoe 
phase servomotor in a closed loop servo system is left 


for further development and study. 








Dee Conclusions: 


This investigation was concerned primarily with the 
effects of various width pulse signals on the torque-speed 
response of a typical small two-phase servomotor. Other 
effects of interest were those of heating and the frequen- 
cy response, This study predicted the effects mathemati- 
cally and measured them experimentally for both balanced 
and unbalanced operation of the motor, The conclusions of 


this investigation may be summarized as follows: 


1) Pulse width modulation of the control field only 
with normal l00 cycle sinusoidal voltace on the reference 
field (unbalanced operation) has no effect from the third 
or higher harmonics, The effect is the same as for ampli- 
tude modulation of the control field. 

2) Pulse width modulation of both fields (balanced 
condition) showed no effects of harmonics higher than the 
third harmonic, 

3) The torque produced by the third harmonic opposed 
the torque produced by the fundamental, This decreased 
the total motor output torque, The effect of the third 
harmonic was greatest for narrow pulse widths where the 
voltase ratio of the third harmonic to the fundanental was 
greatest, 

lh) Heating effects of the pulse width modulation 
were a slisht increase in temperature over the temperatures 


of normal operation. This increase in temperature may be 
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considered negligible. For narrow pulses the heat gener- 


ated is less when the motor is operating under balanced 


conditions. 


5) It is feasible and practical to operate a servo- 


motor with pulse width modulated signals. 
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APPENDIX A 


DETERMINATION OF AN EQUIVALENT CIRCUIT 


An equivalent circuit was determined for balanced 


operating conditions of the motor, using values recorded’ 


Guring the torque-speed measurements and listed in Table 


I. Using the approximate equivalent circuit for a twoe- 


phase servomotor as given in references 9 and 10:2 


where 





stator winding resistance of one phase, 
both phases considered to be identical, 


reactive impedance of stator winding. 


core loss and iron lose resistance of 
winding. 


air gap inductance, 


rotor reactive impedance reflected into 
stator winding. 


rotor resistance reflected into stator 
winding, : 


slip = 3 chronous speed - rotor speed 


Synchronous speed 


he 


The value of r, used was 27 ohms, a mean value, as 


the variation with operating temperature was from 2.5 ohms 


to 29.5 ohms, This resistance was measured with an imped- 


ance bridge, 


The inductance of the stator winding was also 


measured with an impedance bridge, with the rotor removed 
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and the other stator winding short circuited, giving a 


value of 0,032 henries, Therefore: 


X, = 27(l.00) (0.032) = 80.4 ohns 
To determine Z,, (parallel combination of r,, and X,) 
the motor was considered to be under no load balanced con= 
ditions for several voltares, Under these conditions the 
rotor current could be considered negligible. The input 
impedance, Zs, was determined from voltage, current, and 
power values from Table I, The equations used, along with 


a corresponding set of sample values, follow: 


Z,,°%, + ix, +2, 5R + IX = 383/78.6 ohms 
Z3,, ¢0s(78.6) 7525 ohms 
X = Zs, sin(78.6) = 375 ohns 


Zz, 2 (Re ry + j(X - x_) = Pia JX) 


Pin * IXny 
2 
Pott Pa 
m ma 
R- Fe Soret See ae | TORR 
m m m m ohms 
2 
Irn Sv 


(X - x,) er Os = 52926 
JX “eh © EE ee Megan, Os 


and Xn varied over a nare 


Since computed values of on 


row range for different experimental runs, mean values 


were determined? 


Da (average) = 18h5 ohms 


x. (average) = 300 ohms 
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In this parallel combination r, 18 greater than x, by a 
factor of six or greater, so the value of ry, may safely 
be neglected, and the effective value of Z, is: 


Z, (average) = jx, (average) = J300 ohms 


The determination of Z, (x5 ras and ras ) required 
using measured values of current and voltage input for 
each load condition. By means of circuit reduction, using 
Ohm's law and Kirchoff's laws, values of Z, were found as 


follows: 


I, =I, + I, = 0.320/-67,.5 amperes 

Vin = Vin * 194g = 11520 = (0.320/-67 25) (84.8771 .11) 
= 87.8/-2.0 volts 

Tn = V10/ Zq . sot =e # 0.29e/-92 amperes 


I. = I. = i. = 0.320/-67.5 - 0.292/-92 
= 0,122/-6.0 amperes 
87 28/=2.0 
tat hs yazeebse = 718 Aixd ohns 
The angle associated with Z, was found to be always 
smaller than five degrees, therefore in further calculae- 


tions the reactive component was neglected and Z, consid- 


ered to be a pure resistance 


l-s cf Be 
r+, se ss 718 ohms 


Ly, 


12,000 = 9050 
a ee 2008 = Oe2h6 


r,s 8Z, = (0.246)(718) = 176 ohms 
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The values of r,, found by the above method were found 
to be different for each voltare level and rotor speed, 
varying as shown in Fig. 6. This variation indicates that 
& single equivalent circuit is a good approximation of the 
motor only for a limited speed and voltace range. 

The valves of a determined were checked by computing 
the power out, using the equation for one winding and 


doubling the result: 


Pout = 2 Tprp(*S8) = 2(0,0149) (176) (Z=bee) 
zs 1).6 watts (7) 

This value of power was checked with power determined 
from torque and speed measurements in Table I, This ex- 
perimental value of Py, was 13.0 watts, which is in good 
acreenent with the calculated value from the equivalent 
circuit. 

The final equivalent circuit obtained by this devel- 


opment, and to be used during this investigation, is: 


580.4 





with values of r,, to be taken from Fig. 6, 





1. 


C5o 


36 


Le 


De 


Fe 


10. 


ll. 


le. 


136 


BIBLIOGRAPHY 


Milnes, A.G.; Transistor Power Amplifier with 
Switched Mode of Operation, AIEE Transactions, 
Vol, 15 , 1956 


Thaler, G.J.; Hlements of Servomechanism Theory, 
McGraw-Hill Co., New York, 1955 


Stein, W.A. and Thaler, G.J.; Evaluating the 
Effect of Non-linearity in a 2-Phase Servomotor, 
AIEE Transactions, January 1955 


Ellett, D.M.3; How to Determine Mass Moments of 
Inertia for Irregular Parts, Product Engineering, 
May 1957 


Ritow, I.3; Using Fourier Analysis in Designing, 
Electrical Manufacturing, Feb. 1959 


Busey, C.W. and Bartow, W.R.; The Effect of Non- 
Sinusoidal Impressed Voltages on A.C. Servomotors, 
Thesis, USNPS 1955 


Truxel, J.G.3; Control Engineers Handbook, McGraw- 
Hill Co., New York, 1958, chapter 12 


Eshbach, 0.W.; Handbook of Engineering Funda- 
mentals, 2nd. ede, John Wiley & Sons, Inc., New 
York, 1952 


Gibson, J.-E. and Tuteur, F.B.; Control System 
Components, McGraw-Hill Co., New York, 1958 


Fitzgerald, A.B. and Kingsley, C.3 Electric 
io ist. ed., McGraweHill Co., New York, 
1952 


Mikhail, S.L. and Fett, G.H.; Transfer Function 
oe Servomotors, AIEE fransactions, Vol. 77; 
19 


Churchill, R.V.3 Fourier Series and Boundary 
Value Problems, McGraw-Hill Co., New York, 191 


Koopman, R.J.W.3 Operating Characteristics of Two- 
Phase Servomotors, AIEE Transactions, Vol. 68, 199 


Keegan, A.J.3 Transistor Servo Amlifier Output 
Stares, Semiconductor Products, Vol. 1, June 1958 


le 








Thaler, G.J. and Brown, R.G.; Servomechanism Analysis, 
McGraw-Hill Co., 1953 


Lawrence, R.&. and Richards, H.E.; Principles of 
Alternating-Current Machinery, kth. ed., McGraw- 
Hill Col, 1953 


Brown, G.S. and Campbell, D.P.; Principles of Servo- 
mechanisms; John Wiley & Sons, Inc., New York, 1948 


43 








+) 


2 


O°ott 


O° TOE 


0°68 
G°LL 
8°89 
0°S9 
G°c9 
G°S9 


eibw® 


a.myeirsdusy 





C°tTt 
C°TT 
G°L 

oo 

C°Te 
T°OS 
6°92 
8 9¢ 
ote 
O° Te 
LOE 
O°ST 


o°Ot 


See 


- HL? 


en7 
oe 
TT 
SOt 
Q6S 
99¢ 
LOX 
one 
ASG 
ook 


OTS 


PE IT wel. we Wah 9 


los 90¢ Ce 
d I Z 
ranod aseyd TO14U0D 


NOLLVYGdO YOLONOANSS JO SNOLLIGNOD CHONVIVE Od SLNAWEUNSVEN GaadS-FNoYOL 


9et* 
OOt;° 
L62e° 
Oze" 
G¢<9° 
129° 
909° 
009° 


GGG° 


L6T° 


I Waves 


a pe SE See ee Ee ee ee A 


oem 
Pete 
ok 

L°9 

0°0¢ 
9°ge 
9°L2e 
9°S?e 
c°e 
0°02 
9° OT 
Tat 
t°6 

8°9 


10498 | $978M 
Ianod d 





eee 
Cle 
one 
o<2 
TT 
cot 
G6 
oge 
coe 
Gre 
Oe 
Ooze 
GOS 
ole)4 


> 3 


GT°2 
oG°T 
Og*O 

0°O 


Oot 2 


oot 


GIT 


84. TOA 


























| zuyputa | oseo 


3.M7Bisdiay, 


00°O 
LT’? 
gc°¢ 


29° h 


00°9 
00°2 
02° L 
08°9 
ols 
00°0 
00°O 
T9°¢s 


ook 


0°oT 
O°ol 


ano 
Jamod | sseug T014a07 


CS eR a iS Sot fae tec Ss oe eRe ee Ce a ee ey ea es eR es eee ere 


O°"T 
aret 
Lat 
T°ot 
Cale 
cor 
T°6 
aay) 
ee 
g°s 
2°ce 
6°<2 
0° oo 


£°O% 


9° lt 


d 


ole 


LG? 
ote 
gce 


one 
ae a RY ctr SS 


Cte | 


R 


o9e¢ 


Goce 
HTS 
Lee 
GHe 
09 
Tge 
OOt 


ae ne eer oar 


o°ct : 


9°2et 
Z°et 
9° TL 
6°0T 
0°OT 
8°S 
CL 
L°S 


O9¢ 
Ole 


o9¢ 


Gre 
ALS 


G9¢ 
oGe 


29°2 
oye? 
GE°? 
GT°? 
00°? 
CL°T 
OS°T 
Gt°T 
oL°O 

0°O 


OS°k 


et’r 
Gg°e 
one’ 





OnOT 
OT6T 
0062 
090% 
OHES 
OGS9 
On6L 
09S6 


O69TT 


O 

OgTT 
O6tz 
OG6¢ 
O79 


45 


08 


oot 


poods | 83zTOA 





tg 
G*Tg 


0° 
0°¢9Q 


0°Tg 
eres 
o°c) 
G°OL 





et me a AR a A Hf 
Ce nee sana 


GG°¢ 
OT°S 


26°C 


| 96° 


Olt 


19°¢ 


| 
| 


o°¢ 
Led 
G°e 
C°2 


TT’? 


Lee 
o°h 
L°9 
2°9 
6° 
2°G 
G*h 
6°¢ 


OR mei et 


00°0O 
4no d 
Tanod VBWid TOrQU0g9 


Got 
Ozt 
“TT 
ott 


OOT 


00¢ 


LLT 
goT 
O9T 
OST 
OnT 
Qct 


LOS 


Occ 


OOr 
Th 
406 


LLG° 
OSS° 
O2G° 
00S° 
G2S* 
00S ° 


£09° 


Ott ° 


r | 2 js 


SswWUg s.oUeTaloY 


I Wave 


CSREES + ee ee ee 


ore 
°c 
G°? 
C°? 
T°2 
6°O 
9°L 
yea 
ee 
T°9 
6°S 


2°G 


d 


Q&T 
Oct 
Got 
QT 
Oot 
GL 

OTe 
cd 
Spt 
gLT 
OLT 
O9oT 
Oct 
GyT 


6TT. 


G9°0O 
29°0 
09°0 
0S°0 
0S°0 
00°O 
LG°T 
Git 
OS °T 
GT°T 
OT°T 
G6°0 
0g°0 
<0 


00°O 


fe) 

OQTT 
O26T 
OGZe 
Oger 
OOn6 
0 

O6TT 
0292 
On9e 
o9et 
0096 
090L 
096L 


OTOTT 


I 
onbi103. | + peods | 





Ot 


09 


6 





i 


t 





! 

ir 
Lh 
:OG 


LE} 


HL 
f 


; / 
§ 


i 





. 


= 
' 





le J 
f B 
8 
45 ’ ’ 


] 


i 


ES SSCS SRD ASSRSRR 1 aaeR 








HE 











esegent 


Ganga 
=F 
BHER0 


ui 





























p | iT! 
red 


a q 2 
‘ poo 











5 
ypee 


N vit y 



































] " I ; ” 

' ' / 

fit fi : | 
“* + 3 

y ca | t 

L a | + 
—+ - Hi-}- + 4-4¢- ; , 
my NE) 4 4 
ry ' 
; } + +44 i 
Ua ; } 





| 


5 a Bh 








i} 

| 

Atel etek 
’ 


| 





fill 

~ oan 

' 

tT ’ 
Be 
cit 





4— 





He 


| 
+4 | be 
—» |- ‘ 


; | 





iy ’ 
j 


i 


fl 





+ 
+ 


Hf 
| 

| 
il 
le 
: 


HT 


Hl 

i 

i +1 
aun 





i 


a 


HATH 
Hi) 


Ltt 


E 





Hil 





Hi 

HE 
ry i 
Hebb 

THI 
RT 


At 


HEE 


FE AR a 


} 
HEHE 


SHH ASSES OP P28 Fears see 


ed 


pa aa 3 1 


gncne eee - 


a i [Fe 


ESSE 1. econ 
[ 8G ISDE Bee Oe a 
He TREO DOSE: SERS 
9. 2E LERSS PEON S DEBES 
2086S BOSE” PES 
SSHS8 FOT64+20n0 
BEEBLES -—- eo 
BSOTD TREO Cee 


NTA 


hdd 
TagHE 














BS3 BERBER GEESE EABSSESEss 
oe 
- ; 7 + G 7 : , 








feet 








t 


saab 


B ait 
a 





QEaat 

Baan 
Sala 
SSSe8 ove 
Rose RPIRA PECTS 20 
SSSLSP ERE SABRES LEQCUGSR DU 
SSRSGE SRE PASSER ABOLVUDTHR.-2 fhora4 


SS eee eet fie tee 
SESLE GHBTS PF SS4 > (UGE REESE Tl! 8 ESSIEN ISEROLSLEHT SLACGve TS 


GEGESa JIDEUSALs JOURSG' PPaB. 
ESOGGQ TPIDRSROW Seeen3 





























Gi 


i 


. 
y 


é 
5 
: 





de 
be 


2 


2 








a 


i 




















HL TEETH 


1 
ee. 

_ 
Ste 
=a ae 















































ac 






































EEE Ef El EE eee ee Ee ee i He a HES aA ULE 
eae a aL ee 3 tir TiER ey HEE 
eT TP TE TE ee el Ee ee hd rE ee ca IR CA i 
E Se Ae ne EEHAGEee A Rt faue Feet taal EEE es eee HE Fat EAE AGE 
iat ee Fie EE HET fiers Hole eee ae NE aura Hie ae TA 
lf ae HT HEES ELE il fleAN BiH rE Niet IESE ie Ht Ae ELE ae 
Ee 2 te ee eae et ae iriure et ic Hee eet Me Tt 
TUT HTM HE EE A a aE F 
Fe ET TE Eat EEE Ei Eee EP cee 
Se Het ee ee ee eT CRE HAH 
Ee TTEEEt ast at UE Heer ase Eto EEG UU gee EEE a a CER i 
OL AEE GHEE AE ERE EE aE PEE ETE 
a Ee EE EE Ee 
a 
HeTALL ieee ee 
TORE ok ET eee EG EE A ae 
Hides Pe ee STE ye THEE EME ae ae 
ia AU Ht tHE HE HEA cE Ea) HH HERE ta HEE HHL HEE ELEEE UHH 
HE HE Hl Fie SERRE Hi HELE ARETE i ATE EY) FPR EEE 1 EES RAE aa Tne 
HALA HE Fut HEE CHEE EL Hs He ca ite cele ESE ETE HLM EE 
CHEE Hn EH LEE HIE Hitt SCE fri Hie flit iif eects i ee ET EHH EEE 
eg ia He SEE Ae EE re Hee ee ea era Hea 
HEE HE HEE Hee Hilt EHH He Hit iia Hu Hint Hue ie He He He Hest HA Hilt AEH 
a 
Het ATES i a EEE hit ET Pfceaeee tet aseee Pie eee eee ane 
i LEE nesta GCS een a Ea 
ee ae ee 
Hi i ine Ease Ht Ait HEE Ht et Hit Hie se Ett ites HUliilt Hitt HAE 
cae a 
|... aa 
ee EO 
PESETEESEGEETGEO | ES farce Hil itt UE LACE Hare Le at ae if Hifal HST HEtE 
f HE ua HE EE aE Hf Ht Hie ig if He Hae: Bal GEES: feat UE RET 
ee eae ee 
ae 
RG aerate ee 
i CS lee a a Te es 
Ee TTTHaEE EEE EP TEaE ceed Fe TUBE Lye PAG ELEC Buneetd Bune ee 
I HE Sr Eee eee ee Hee op ee er ee rea ae eT 
HE AHH Fir Ha HH Breau Ea Gaerne et a a UREE Ree seat eect etc eet ig 
9 














| 
lilt 
filll 
| | 


| 





Sse 
Hf =e 


“ [ eel) 

B23 

Bese 

eae 

|_| 

b/ (a 

= as 

gk 

pte ts sty [a eal 
B = | _ el 

sesssizese coat, seen secs 
io 

Brees 

: i a 

, Bea 

Zt acces 

RRR 

SRBeen 

ESE 


i 


a 





‘? 
B2885 


a = BoB - ES 
loos ome Ome oo wseent pane eet 
So ES Esso eS a rae 

+ Bite Sees ge iiss: pal) 
stuapmened ndapmmnend 62100 , fenanlmaf o - pebuname 
arene ion Same Saaiesaaeao areas Sos 3 aceon ee eee = : aoeiee 
fos ax coaeg faman wes ~ See a3 ree Socas pose basce ines 
. onan m iccoee ome pet 


id 


if 
E 
HE 
aah 
iy 
ni 
i 
if 
i 
ap 
Hh 
























GSPR2DSCDS eneenenean Be) ser —BH 
ieee 7 ; Beeeesco ae {ih eH 
me tee | MEBSE RGRee Pees Tiere 
: EDEne PHEW ET an SESRSSGUES SSCS SGGRa Rota mee 
58 Seren i RETTOSRERE «2a a BBE 
apt BR ECL Saas MGS i ' S88lsa 
ee Ta Pe RSeR eee 80028 86 seo 
ae RS CEE 72S UTS see 
a aw. etc ier Lisle Se cae 
a aera a | Beeeees IE * 
: Ee eesenarr. 
s cuSae BEERORERE aanseea ” 
- 4 
Ss SER. Ws. 2 ena BEOEEURLT » ew tt tT 
po soe! pratt pr et 
Ree ad 05 eS pa ; 
= mn =e =e 
Botroen: ow eee Re Senbe nase 
{G08 pS E0 = = assaacccag Eeaee owe 
eae. A a 
oo Baw. ee * ——-— —_—~ ——— 
CRMC De a am soxan an” <3 es 
Booer essed pone wines = meron 
aeseeaes = 
am sane. * 








Hi 
Ft 























BP. —" 
LA ret anfate, ane ee ee 
=a anEee 250800908 
(23 naeae tae Te RES Cee 
| BEE SeReTre eipeeratetet | cal 
a 
cc. J4eeeee | ae Pier tiara 
SUGRSEEESS £— oe eis te 
: 7m meses ; H 
eee) ma Rae 05a 
) tte geno ie ee} 1+ he 
: BBaSS Gene” 
Sonne norma a eat TTF ane a 
¢ -—~_- = 
Seo ieee) tt | SEE ORs BORSEas sme 
EGTas Sansa eae) RE RCSA AGB aRoeenT 
tae | a BRSaS no CRs 7a ose Soe 
a a es a #ESEESEIOS 
PLD | oP es MOL 
PERS | ae RESTS amare e 3RTSao "see 
=" _ Deas |} Bla Pe FD we Y-- SELLS BEE 19D 
= - Vas br oe 
Seems pases oan seses ores (3 Rooms SE < to. SST 
a 4 
Swaea Dawes Damen aienne maveere + : & H 
| hy) +f} on cone we SSeecseswn 
—_ —_——~ 
fe. "1 RSGR Genre FSS aM WES Ss Ee | ann it aauoe 
pt. - Saaee GEean Damen Sone oe ptt pt art ee 
Sucud Sanus Sonus naman OSE LIST GRE BSCE SS ae ¢ (SSESSES205 
Eo. 7 ASGSS BOERNE STRED ee mesa ei oem Sis ctelatatet 1) 
S22. 2¢ GSGEE BORES I BSE (Serco SEE: SHEET BUSET IY OND. 0. o SOTESALOEO 
Sanne sasen sanenaanee oe Po + = 7 Pooh 
Ht Sen! FReSesa0 nea Seana Seean Hof Jsccsseeone o 
BHSST SSlTE ETAL FEST 2098S FRSA SHOE Sn a pete ae ae 7c aGGaaeEs 
SOTEF BASSE RESAS ESSE GEO TSS RE ce Rae TUG SSRS6 BEE 
S000H S208E BHESRE 28 | MRED AEs TAS amet Cin : aeESo55356 
BSFOE RASHASGSSLE! 1G. EeSS Sean ceeSesr oc. DESERTS £2 CUE RE -  SSSEEED 
£5808 82988 BEC098' 2EBE FESTUS EDEY CSZwaso BeSma ME 165 E55 7ul ett 
BRRS SOSGC0 GELS UGS) LST OSs Lesa aa BEDS & Bae 2RT: a BERET EARS ® i‘ 
§SE8E POSES £6000 EH 220 8SE-85 DS Le SPEDE EILLT SECS BES BS shee tt ee 


Lis 
abs 
vil 


| 
He 


pbubGuuiJad ebdodsoud 


Hit 


i 


a 
if 


Nee tyerybs | ileisties| 


fi 


UTE 
HAHA 


t 
a 


it 


f 


E 
i 


be 
: 
If 
! 


= 
wae 
soe 
a 
a8 
iss 
at 
: 


rs 
oF. 


4 


ink 


Sane oR ese 
: : 
i 
. 
a 
fi 


; 
il 
’ 


(6ibbbabhcs 


iS 

: 
‘a 

2% 

: 

a 


se 
» 

oF 
if 
HHH 
bee 
| 
Mai 

tif 

nial 


: 
| 
E 
ii 
fi 


tf 
i 


ie 


“NS 
1h 
goo 
esa 
tt 
a 
HY 
cE 
5 


rf 
a 
: 
a 
B 
iS 
i) 
5 
e 
5 





H 
a 
q 
5 
b 
@ 
2 


a 
bi 
2 
a 
it 
a SSESSESES 
Bis 


ae 


bi 
4, 


~ 





‘ 
tt 
HEE 


a 
" 





HH 

ae wr 

+ ¢-4- 

4 + 4 ‘ 
4 ¢ + 





4 


HH 























i ! 
é 
d 
F : 


f 
f 





1 
i 
4 
¢ + 
é ' 
tt ' Se in 
4. Pati cas 
: ~ +4 
2 
eee) ' 
{ a ’ 
‘ fa 


; it 






















































































SGEnGi11 FE RTI BSo 298 eee ae a | ee | ae) BET) 
Pt = etna rere sone amen Sanee foc 
Sh SE SSCIEE BOS eat | ae | | ime ari w a ae BGlSS eo. 9 
SS0E8 ESTOS ELSES LESS cae eee = at a ae ORL a a = Be ORR RSE a 
BEBGS HO88T THUSS LCS) Claes ne ae Sere tana H Ee: “26 aenea 
SRSES PRES TOCSOCSSe0 pone caren Bans Seve foo BEER ESeE & SE5 he Bae 
REESS TESS STDC LOGST BRCaS SSrar a | aREsG ic Tae a deme Bea EMSS) I 
GURNEE TS 102298 CONE FSP ess — mA Ra SEZERESesa POSS RAIS) RCO 
—— aa ——— 4 — a aes: =anee oweaes 6 Bo Oe eee 
[0 ae a | md d 
pEstdoom IScemeas© fC iemess au ac) Ww ae BR isi ae foo Gee) 
Beessusces sacl! soc! cameasc a a tA kD ems Cones f BCOc8 Reeee 
Bs BORE ES 0 4 ef A} Saeea sown & Piha [perme 
1 2D SSeaR ri SOGNE8 7-<T.Ue amet a) SEBR DeSmE 6 ir: SEBTE WEL 3 
eye saenaa a pana Ss sand sucoseemes oe eamne CE 
6! z Bea 33 . i en Gooey. pet CE 2 =a 
os ee = “f i oz - Hh wane ae 
sony: woe ae ic Seaaace gapec@scar g min Sh8S8 08 + 8 
Sana amen i 28 +> > HH ian & 5 Sone | Snosseneas HS Sooaneen we 
ta Ps ie a — +> sase H 7 sanaaenn i Saaneeeene H —— seeeeeene % 
ttt pet goouseecca \ Sasceasas 6 Sueaeene i SscGpoeene © heen Geuseeeur. pa 
Sait Jen eeemors -oyeemegaa a5 Reewal son) socamet HO fide Bette 
pa — SS ESS RE8iFr : fe Ha H pn - — sussesseua. 
Caeet —f ‘ 
nanos Con Otome oma 1 cee [apanxe. | gnomes & SSESS RaGEG cise 30 SEUEGREEREE 
H Tht {sagaa” coneene : He ot jeaegnenns © scene: 4 Pett 4 
+ aaSee! ness ooee a (meneame a shaea ota 
ot tet oe ' ;UROSORG B aosceee @ hessenegeca = 
B88) 988 Bs OGRGaa § ret J SbSRDSS8r 5 
BOERE . SEE zel >8 198REEe" a G omit 24 SERS BeDe Re i 
Loser amen we” Renews 5 i 7] Teisietep scat Tf 
auene seewaan -28 SBEUEERE a~DRESEERS Ese 2 BSCEONSERE BO 128i LEB. BESET Te pHoRe 
AG5 Seaee el SUSERBRSE 1 BBE SSEEE 6 AONI BR. TH PERRO Be. BOOED SEDER SEERS 
LARS Beis ae ws S¢ SERSRESe 1S Qua GGBBeRe eal 50 GES BESRRER : 
GLoOn SOEaR ow Gi SORRRSLS (TI AROEEs IRBORTee oe - 90 SER SSE, SERCO h i SERRGESODR 
S2ae) (BREE ee wf THBRMELZ DB PTIt Trt I ERQSAGRER. 1SNC 488. 30 GR RSS BERBe 
Bees (eeeer 27 EGRESS! 20 TURES BREE FEU. Be SE DECHREERE. REN IO Bo CeBRSSS ARE AD 
SG08 1USRES Si hom | SGGReHR6 22 JUSS SRER8 0 O00 3E0- 2e SSORe BRR SETS Bo SRR OEE SBE SS INOBEE. 
S500 S085 0! Cee MOSER EE? Be @REREREDEE 5 Oe 298 BORED. GO Ud SS PERSE SE SRR 23 Eee oi 
2 Boar asenmec & (S085 ER 22 @ TROSEERRRE BA Bh< 38 RESSES. 2a0h LEN IRBs Ed SOPERSESBABes ! 
os asa? Susasee' s H ee a eG SBSf.o R585 H - Sosenneena manasa =a aoasanenenes as 
Bee. it et rot csuseasease noe ause oan q pete =o os HEE or Peete eet et tbe 
wees 05 ELOSS boo HUSGE GRR SEL (BOURES IS geeeenee a 3 6 S00 2 SDee RASA Rea Bees | SRS SR SEDER SS uk _ 
sone) sages Puaeeeasns a Ged PSSST Tw ESaSeE. ioe 0 O68. 08 ROCERSSRRSRRENAD i Da eae ee ene tte: 
S555) He e+ pie 1 eal £05 PRES! 3 £CCSSR ED ies ro 0 2G 08 CORRS BEBE) faragotat | tte] [ole a 
anau aeeees tenes aezes Pett it BR? DRORSSH) (SRE R ‘JEZERTEE IBS " E Wor Peo De NOCRG AREA Ew “Sar, SbeOnn eeeeees 2D DEBI 
SeSueneuearl i (Bh Coc useaaae 0 ee ASSESS ‘esta GaSe 29 BS ; anes So cae Sa, 4 SEROSRSSSeO Ee ial 2 
ee v QE ADREBES CSRUEAL OH! 1 RRRRD SS IBS @ 10 SOM. DS D0 AR SSSR SEAN ESs TE GEBEZESREEeS Le iI a 
BORSA RESEEL 1D. o SSnn0 CumM: a So punaoae age58 (AGBERae! Fee ‘aw cate Pane € Crt RDO eRe. aes @ SSnSn GeOoBe Ie Su npr 
Sasns Snes DaaaS meen (9 eRe: OF \enRear” peau at an ik | T-GLU5e8e88 & eet tt ot tom Oe Ei 
Tor Se Be SoReao (mewaReeRs oak oe J5ae08 "aT PMEGYUETSRE 6 NARS «00 SERRE EPNRR Ee 7 RSGSEREOSH BE nape BODEA JESSE RSSREL yr -4 Seen SBaES 2 OB eRe TT UO 
ae BRED faeqerataiateiey | ta Bf IORQRPS ODS aR ESSBSAr 388 2.80 88806 E SOR 00 BERER BSCUARE< 5 | SAREE REE CS 1 ee SaGG8, Uae8 BGsRae \B Bg er ‘ 
BEcas = Ou gece asses C7 70S GRSH JEIsDa Manne Mase geePn GaSe 0 meersieger (ye ae) | G PERSE ESSSS FEICEER BGGSHA 1D TOBGSEe Bt 
Bees ca Tee tilliiiilii © SISSSERS JERDLe GE BSE SRR Sanh beees EI Or JS ROSCO SERB eEEN4 0 SOR SESRh G8 14088 SOERER, TERERITS RE Bi 
BSSQRBMBAE BES (925059 O60 55 COMBE © GOneene er 26 we i i 2ESRE EF wnt © 20555 SS SRE SRE LS 0 OS SR BSS eeeee SHeannt YS" Rae Ee 
td pa SG800 S000 REF Ff GaWOUSR? 80 ‘BS BRBEOG ISG use fer tla} BG i JE aDO- Se DESERRESes BER REST DPSSRAROIOE Planes Ba aw 
SR SSROEREE FESRUSUHOT SSRHOCe OMe eT | Beneane a5 (ee eee BOES2uGORG F Jeoen2o8s SeeeneseEs BEEBE Py meee folerer Set ely] BRSASGRi (ABB 
SESns GROG SE0ns Seseessens SE | ASRSEAS OBE2e 78 BESS E NAS SS6l2R5008 6 im OF S60 GU GS800 SSODREE- 25 SESRERCEESEe 18 EQS5 72ST) Bir cle ae 
BSGES EROS SSRN TSE Le JGR DRSE | DEGL abs ING BEOROE 1288 @REOUGES 0 8 oruS © 2€o 0a SBSRe eee, BEGSE ones ea PT) oe ee 
sesseasens SeassSaunent aReSeaRe secunaee® +} 14 sEecsssco) H S228. JOR BOOSSRRERE S255 S552 5089988 sussessem Sasnneze 
Saeeemneci) SESuCSEESSREGSESSanSm SSsnem suneeneee Pett Senseacenae och SRESASRE OTL YaST 
SHAS TLTS9 GHSaS SeSeo S28e588 =38 i Dal CanReer Feed Ree Sengt Beene 5B ea © 2080888888. 00588 
BESESERAMS BOGS Co OSSSIoaeEC BESSEC™ (Ga a ESGRE? Sau paseuasens 5 Sena Bo ESQRASSEHA SE 38 
wWeSE eGT 500050 seesasseaa: sseseas PM ae paaed! ian SaGr.2SGne & sa Bena eaene am | - 
=s5a8 Geese nooo. Saeenee spasaneuar: scans ia! haa fseson sasee ioone Sead ot a Ht + BOEBSRSEES Ecce VER 
as IDE ERRED RASS So SSBESEE é Seat sascer geecee! Saa85 ame “OES. 4 § suns Bes Ae eet 
Ce ae ieee aie ye BESO” 2888 seme Eaaeo mel, oi eesueeas 5 eceees Sscenenansnooam 
ERSSGOGS 62200005 BG SeeROmE 7a BaEEe uaa snsse: SERS? ase 112 2°86? PROBE © SUBSSTERABEC ERO, 
BOCSSRSE0H SAECSCOCSE SURED EE a BESS Mean BEERS EDIE SED.I8 i RESSRRSS FE ie = ia 
GGSRSSSRRR REE0S 9 70 BeSERe A 7 Seunr Isae? Ske Ce eee Jee Seen o = JED ORESl ABE Sse 
SRSSSREUSE ONTUTL Tew AseaeL GE 7 SSSe! SSSSe [Enos BEERS G2S20 57 28 Sne0..BSan6 § ann ERs BUBRSRREABE 
BSERSRSSSREUUUSlSH5ee RRSSEE 3EB v Saae) RSSS8 Se5E7 BESEE ROSES Ver f sEeat Fes 5 RGSEGo S65 a0RESA 
BROSRBBESEELTNSCIS Ts atoce AH f asee jnpane Banay mt ee RSG (eeeee & OEils 9888885 JSSLUSORRR 
SRFSSSRTSPOLNTVOCSOUHeH OR Pooas ‘sheoae BRUs JBeeme IOC "aa SBE sgeasan RESUS RaR0 1) lEas SCE BEBES® 0 S40 BRES 8 ORSBESDSEED Ie. IB 
SRRSSSGRSE SATUS HAATTUOe Lc Seas G2 RGR SERERGGERS 2 ARBRE DO OBHE DR@GRRSEED (ieee ne (0858 99.85 B25 NE GS VA EEERs FUSS S08 L208 
BOSSSSSESE PESTS SESET OOD Yee ie BGR) POSER LM TE Pecan sic RBs a8 BeSeseeeEE SGCSGG8eo2 oO) s0e0RR 
EOSSEOSESR ClZASSSLIT CA f.LaBSon Be hi ase 4 SESS SREGE leu taReets Feaeeenees F RECORBRRER SER qCEDUSESSEE ers 
SETERSSSIAE “DHA SSSON Oa | SoVVwsIeS Ve BS) JES Tae Pee SEER, USRSS cas88 auues § bees SS CR ESEEE Bal ER Prt eeicist Tart: lel | 
SESSSREESEE cals s 228 seb zaees ann See 7R8SERSESE @ BES5) 1) BSNS RG we BGGOS 1 18112. OO 208 SOS BEBE BETAS JURRGREHE8 58508 
SSARORRESS ORVURS2S0S OO CBC oI eee is S /qmReesee s SECA BERGU co Ren Saeed =" © BSCERBE IAS BEDE =JREBBEE OBE 
SSGEERSRGE DUSGN RESO Ceo orra@e ee rr S558 6S288 a ISSN RSReSs 7 SO ISS SRERGBS hw Geena BOSS e806 "CG INNER SHERRRS. one 
SBAST 88008 ENORASSEDS G CLOeESOCUe © MSG BESSA SS os SSSU RRB ET SIS Va Selo oan . 38038 G8s5eSRane SnePE. £608 ESTER SEG85 BESER GCe58 
FQSHSRSURET STRSTR Ie. Cee OSE- ¥ O3a5 BeRel TE ae GEES sRREze Samanenass A anue BOGGS RR. Y BEBES 68 MORRS. BK_a BOSAED a ele) food alae 
SESGSESEREL SG0H TEES LoeeesowE mtr tt tel A Som" PROREE oe On {8 BEGaneewes I ageseneas i aseeua S 05 0a5a8 ae 
SSSEUSSTERE OTS Sec g ‘ @RURRERERSS £55 ener Queaeas a BUBSEEEBSS 5 7 ae HGSUTTST SORT ClOeR 
te ee ‘ma ¥ 4OURSSRERR oF IT 200! RECGe Boete S°OBESeems & s oy) loliatetes Tieton] 1] 
TT | a a 7 PS OS Gan _GErees sass GcHRRSBAT5 O25 a BREE SSOS0GE OF TSae 
SSBOG BOSRE HST0N8G oT) al “SSR SSST) - Lae Acer lente 6 1) wie co TRO eT Diet) tt eae dt 
SRPOCTREREDHLOT IE DSsCSenge | Fase SEUcSgeee a es MSDs iS 0 SHRSRERE 8 3ULDEROSaS RO eee 
eueccarems f° 00: amen atone {aacsasa ' Bc: IDGesoRee ee cisEBaSens 8 S9ERSESSRSECADES 
conna sanan snee8 isos Ho tt Se saoee _ as sanes PE Hg 4 pete tt ee eee sae as a 
Poe Goa erage a gpSeesonne ase RVSTACTOOS TS 
oi ae aa eee t SHBG Gse8e 00 1138 S908 0 RERS2EGL-In Shichi tae = S008 O50“ a8 iS Ie asta tel 
EGEDS DOERS RBS Piast sl elaearta SSG80 DASESE ICMESE< 40 (BERAROSES 6 Se il | fetes te 
EROS BEERS BSTC ee > 1 RO SRSRASER OLS BESUM REDE YORE 3 GRD ERORSR © JUSERELOCeEESCee 
eset pom | Trt ! 5 SenAnGumOED=a SsassSneEnRn roe sauacasnas 5 SSSa8Baenn occee 
SHOR SSS ( HeSeeEeee eeEee BEES eeeEEReEAS eet) | see cl eet ol | reteset | tay 1] 
ison woe Rees CeReS ROSES FESS BUNBEGloe: lace saseseennees ty banc eaesR elo) foes Tet et 
Sor (2 L2GSS BARE BBSee SO CRS eR eS RSS A BRED USaReR8 ine 2UeoeRe IUSSEEGRERBOCEE 
Eo OO RSOUs ES S58 Lees eee EERE em 18 BOSSE ReESe RG RGGESSER S0ne aes ol Ise) leleeey | 
Sanaa Rev ee Suenssoaes EdnSS flo = Pao) sasecsuasssaccs a [dase eee seasnneens acnae 
cS. Jeewt sesecaee sea oauaee sae Hetty Saeseeneueseceecerss F-nonacane Bosecascesosone 
Sm [el bi Ree ae RS SEL GOSWRSEMMe ies ee eo 2a eee "GEG SE205 
| ae} =a bw | bel, 5] Ox @Beanseea Ger LBs 
Sanam Saaae eases maere! — Om tee) 3 Foo Ti SEA ttt Poa ot 
SSmnt lat WCESSc coe ‘ESSE ooe " soRee r meh tl DEG? COS8E 75758 
Q6880 EBREREEES ¢ et ee S0Ee SeEee ~ "SSE eeneD apes seer ae 
SiC 1b SSSST GSRTH BOSC: Jasassncue WeGeseacus BRO 5: Sunsusnant ane re gusa\* Saenen sane 
4 ceume SUES SionS Gomes JeESeec ose ttt te tt Saescemeee o i sass : eet ee 
SSSS0 CASES Enon eEeEe ween ieee eee a ee SOoSBunans 5 ann PE HE pt He ete oo 
IoGAa DAG BERET SORT asane . ot aT wa | onl (ERS REED a sides SPCC oo Rmme oe . SSGenenn5¥ aes : ; ]Saaeeuseos eanenne 
GESEE DABS BISLS SALST HTS sSw _L3 BOSSR ERSe GseaEn = ‘ GS eenoa RESTS RSSSSLOCBS Bane aen naa D 
BSS "SSR SSSSE RECN So USRSs a -JUScSva sess se 7a ASRe I SESe 8 158 PEREE REReB EEE TH 29 BERGESS8R. OF AE. * <ROESRTRCD SOG 3a 
Susns asses uessssssnz sessesesesnest=$7 5 ceseeeress Seucsceset ¢ ssc gpses sess sssssersstessee sessscsernatssesa0k! nosesseseeceestes 
Saas DEENE Neneaes OoMeeE RES ee. oa he = BSESS ? 108 mn mt atest 1 H Ho - pop toe - rR onenn aaeeesennes 
SMGE BISSESSSOGG clus BESsenC 4 a as Sceon cose @ (BEERS OSR! EDEN! BP SE DEROREeSSRARE D geseneupar~ = 3ERRO RESET EST aS 2 eS 
Sie ea BSGGnSecaR Soro s5 Co jae posscocs Jam isa Seman rea3E panos r O5 BOSSE BSSES Ean ae spesaness—senes. a ca aseca Ba Bameo os =e SAaie 
besa pet tt ttt ar Co 2d BERSSS Essaeeo 74 me te He SScansseus cream canna EnSeeenDae Seens eeeeseenen mmm Seas att 











BIGURE 7 


Frequency Respyonse Test. 
Tachometer Output from 
Sinusoidal Modulation of 
servomotor 


scale: vert. 50 volts/line 
horiz. 50 msec /line 
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KEY TO FIGURES 15, 21, and 2h 


Description 
Pulse Modulator Unit - Amplifying and 
Clipping circuits (l) and summing 
circuits (2) 
Resolvers, Reeves type Re1l51 
Drive Motor, two-phase, variable speed 
Test motor 
Dynamometer 
Decade capacitor (0.1 to 1.0 microfarad) 
McIntosh 200 watt power amplifiers 


D.C. power supply for dynamometer brake 
Strobotac 
Thermocouple bridge 


D.C. plate voltage supply for pulse 
former 


Switch box 
Tachometer, 00 cycle 
Variac for drive motor speed control 


Oscilloscope, TEKTRONIX type 515A 
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FIGURE LG 
PuLse ForMING Network 
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FIGURE: 17 


PULSE WIDTH MODULATED SICNAL for 


Control Phase and 115 volt, 400 
cycle for fixed phase. 


a. spike pulse 
b. narrow pulse, § 
C. 50% pulse, S 


One 
Ons 
de. square wave, s= 1.0 


| et 


scale: vert. 50 volts/line 
horiz. 0.625 msec/line 














FIGURE 18 
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FIGURE 19 
Voltage and current through Control Phase 
with Pulsed Excitation 


ae square wave voltage 

be current ( voltage across 1 ohm 
pure resistance 

ce 50% pulse voltage, = 055 

d. current ( voltage across 1 Ohm 
pure resistance ) 

scale: vert. 50 volts/line 
horize 0.625 msec/line 
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